Cyclic AMP phosphodiesterase in Klebsiella aerogenes is a soluble cytoplasmic enzyme with an apparent K , of 0.9 mM and a pH optimum of 7.0. It was inhibited by EDTA, Mg2+ and other metal ions. The enzyme activity was inhibited or activated by some nucleotides but not by any metabolite except pyruvate. It was inhibited by the methylxanthines, caffeine, theophylline and methylisobutylxanthine. During starvation or substrate-accelerated death, the enzyme activity remained essentially constant. It is postulated that during substrateaccelerated death the enzyme acts as a drain on the cellular cyclic AMP levels. The cyclic nucleotide concentrations during substrate-accelerated death are proposed to be controlled directly by adenylate cyclase.
I N T R O D U C T I O N
Substrate-accelerated death (SAD) is a phenomenon whereby the substrate which limited growth of a bacterium can cause its death when organisms are subsequently starved in non-nutrient environments (Dawes, 1976; Postgate & Hunter, 1963 , 1964 . It has been demonstrated in a variety of bacteria including Klebsiella (Aerobacter) aerogenes, Escherichia coli, Streptococcus lactis, Azotobacter vinelandii, Arthrobacter sp. Dawes, 1976; Postgate & Hunter, 1962 , 1963 , 1964 and, recently, Mycobacterium fortuitum (Majtan & Drobrica, 1979) . More detailed studies of the phenomenon have shown that in the case of lactose-accelerated death of K . aerogenes, not only lactose but also analogues of lactose (including gratuitous inducers of the lac operon) can cause acceleration of death (Calcott & Postgate, 1971 . This indicated that toxic products of metabolism of lactose could not be the reason for death but that SAD might be mediated by a repression-type phenomenon. Strengthening this idea was the observation that the lactose-accelerated death rate of lactose-limited populations was proportional to the degree of induction of the lac operon, as measured by the P-galactosidase activity in the culture (Calcott & Postgate, 1974) . Associated with this phenomenon was a dramatic disappearance of 3' : 5'-cyclic AMP (cyclic AMP) from the organisms . Under conditions when SAD was not evident, e.g. during starvation in buffer alone or in the presence of a neutral sugar (glycerol), or when SAD was prevented, e.g. in lactose buffer supplemented with Mg2+ or theophylline, cyclic AMP concentrations did not drop so dramatically . Cyclic AMP when added to the starvation buffer or to the plating medium prevented the phenomenon (Calcott & Postgate, 197 1, 1972 . Cells undergoing acceleration of death appeared to be behaving like cells defective in cyclic AMP metabolism .
In view of the involvement of cyclic AMP in SAD, we have investigated the enzyme involved in the breakdown of cyclic AMP to 5'-AMP, i.e. 3':5'-cyclic AMP phosphodiesterase (cyclic AMP phosphodiesterase), and determined its role in the phenomenon.
Organism and culture. Klebsiella (Aerobacter) aerogenes NCTC 4 18 was maintained by monthly transfer on nutrient agar. Routinely, organisms were grown to early stationary phase at 37 OC with vigorous aeration in a lactose-based minimal salts medium where the lactose concentration limited the final organism concentration . The turbidity of the culture was followed at 540nm. Organisms were harvested by centrifugation at 10000 g for 10 rnin and washed twice by resuspension in and centrifugation from 0.85 % (w/v) saline.
Disruption of cells.
Bacteria from 100 ml culture were resuspended in 5 ml 50 mM-Tris/HCl, 1 mM-dithiothreitol buffer, pH 7.45 and then disrupted for 10 rnin (in 1 rnin bursts each followed by 2 min cooling in ice) with a Sonicator cell disruptor (model W200R; Heat Systems, Plainview, N.Y., U.S.A.) at a power setting of 3.8 with 40% pulsed cycle. In some experiments (for location of the enzyme), bacteria were disrupted in a French press at 103 MPa and centrifuged to remove whole organisms as described by Knowles et al. (1974) .
Cyclic AMP phosphodiesterase (EC 3.2.4.1 7) assay. Routinely, 60 pl 0.25 M-Tris/HCl buffer (pH 7.45) was incubated at 37 "C with 16Opl water for 10 rnin before adding 2 0 4 bacterial extract (corresponding to 600pg protein). This mixture was incubated for a further 5 min before the reaction was initiated by the addition of substrate, 60 pl 5 mwcyclic [3H]AMP (sp.act. 5 Ci mol-', 185 GBq mol-'). At appropriate times (for routine assays, 0 and 5 min), samples ( 5 0~1 ) were removed, mixed with 5 pl 5 ~M -~' -A M P (as carrier) and heated at 100 "C for 3 rnin to inactivate the enzymes. Then 25 pl samples were chromatographed on Whatman no. 1 paper using ethanol (9.590, v/v)/l M-ammonium acetate (75 : 30, v/v) in an ascending direction. When the solvent front had travelled at least 12 cm (generally after 4 to 6 h), the paper was dried and the spots were visualized under U.V. light (260 nm). Spots corresponding to cyclic AMP ( R , 0.35 to 0.48), 5'-AMP ( R , 0.08 to 0.15) and an unidentified compound (R, 0.52 to 0.62) were cut out and placed in scintillation vials. The R , values varied between experiments but the three spots described were always resolved. Scintillation fluid L2.5 1 toluene plus 1 1 Triton X-100, containing 16.5 g diphenyloxazole (PPO) and 0.5 g 1,4-di-2-(5-phenyloxazolyl)benzene (POPOP)] was added and the radioactivity was determined. Routinely, assay of the activity of the enzyme under study was carried out during the first 5 rnin of reaction. In experiments to determine the effect of metal ions, inhibitors, sugars and nucleotides, these compounds were added to the buffer during the initial incubation. To determine the effect of pH on the enzyme. a variety of buffers were used and included 2-(N-morpholino)ethanesulphonate (MES) over the p H range 5 . 5 to 6.5, 3-(Nrnorpholino)propanesulphonate (MOPS) between pH 6.5 and 7.5 and Ntris(hydroxymethyl)methyl-3-arninopropanesulphonate (TAPS) between pH 7.5 and 8.0. In some experiments. cyclic I 3H IGMP was substituted for cyclic I 3HIAMP to measure degradation of cyclic GMP to 5'-GMP using the same procedure as described above. One international unit of enzyme (I.U.) was that required to convert 1 pnol cyclic nucleotide to 5'-nucleotide in 1 min.
A product of the reaction was identified as 5'-AMP since it co-chromatographed with 5'-AMP. Its identity was further confirmed using high-pressure liquid chromatography (Tracor, Austin, Tex., U.S.A.) with a U.V. detector set at 260 nm (model 970, 980, 985) . A Partisil PXS 10/25 SAX anion exchange column (Whatman, Clifton, N.J., U.S.A.) was used and nucleotides were separated with an isocratic elution method with 0.025 M-KH~PO,, pH 4.0, containing 0.06 M-KCI at a flow rate of 2.0 ml min-' at 10 MPa.
Enzyme location. To determine the location of the enzyme, bacteria were disrupted in a French press followed by ultracentrifugation (100000 g ) as described by Knowles et al. (1974) . In other experiments, whole bacteria were osmotically shocked (Neu & Heppel, 1965) . The resultant fluid was concentrated by flash evaporation and the shocked bacteria were disrupted in a French press and separated into fractions as described by Knowles et al. (1974) .
Other assays. Protein was determined in bacteria and cell fractions by the Lowry method using bovine serum albumin (Fraction V ) as standard. Alkaline phosphatase, ,!I-galactosidase, glucose-6-phosphate dehydrogenase and 2' : 3'-cyclic phosphodiesterase were determined as described by Bhatti el al. ( 1 9 7 6~ b), , Knowles ef al. (1974) and Bhatti et al. (1976~2, b) , respectively. One international unit of enzyme (I.U.) was defined as that required to convert 1 pmol substrate into product in 1 h.
Starvation conditions. Bacteria, at approximately lo8 organisms m k l , were starved in saline phosphate (0.15 M-NaCI, 20 mM-Na,HPO,/NaOH. pH 7.4) with or without the supplements lactose, glycerol, glucose, pyruvate, thiomethyl-P-D-galactoside (all at 10 mM), Mg2+ ( 5 mM) and theophylline (1 mM). At appropriate times (0. 1.5 and 3 h) samples with withdrawn, centrifuged at room temperature and the pellets were resuspended in the Tris/dithiothreitol buffer before ultrasonic disruption. ultrasonic disruption. Extracts were incubated at 37 " C with cyclic I3HIAMP in a Tris/HCl buffer. At various times samples were removed, the enzymes were inactivated by boiling and portions were subjected to ascending paper chromatography. After chromatography, spots corresponding to cyclic
and an unidentified spot, probably adenosine (El) were cut out and counted. absorbance at 540 nm (0) was determined; cyclic AMP phosphodiesterase activity ( 0 ) was assayed in extracts prepared by ultrasonic disruption according to the procedure described in Methods.
R E S U L T S
Klebsiella aerogenes contained a cyclic AMP phosphodiesterase which quantitatively converted cyclic AMP to 5'-AMP in bacterial extracts (Fig. 1) . Over the first 5 min, the enzyme showed a linear rate of reaction and its specific activity was independent of protein concentration up to 1 mg per reaction (data not shown). The enzyme, under the conditions of assay, had a temperature optimum of 3 7 " C (the growth temperature), but still showed 67 % activity at 50 "C and 4 1 % activity at 25 " C . Eizyme activity was maximal at pH 7.0 with 50% activity at 6 . 2 and 7.4. The enzyme had an apparent K , of 0.9 mM for cyclic AMP with a V,,, of 120 to 200 I.U. (mg protein)-', using cyclic AMP at concentrations from 3 ,UM to 10 mM. Over this range there was no evidence of biphasic kinetics which indicated that the measured activity was probably due to a single enzyme.
The enzyme was constitutive and was produced throughout the growth cycle of the bacterium. However, the enzyme activity was modulated during growth of the culture (Fig. 2), the specific activity increasing as growth proceeded during exponential phase cum,, = 0.42 h-l) and reaching a maximum in stationary phase.
We have determined the location of the enzyme in the organism. After disruption of the bacteria with a French press and separating the supernatant fluid from the particulate fraction, essentially all the enzyme activity (99.9 %) was recovered in the supernatant (soluble) fraction. There was no evidence of an activator or inhibitor being present in the particulate fraction; addition of 100 pl particulate protein (corresponding to 3 mg protein) to the supernatant fraction did not affect the activity of the enzyme. To determine the location of the enzyme more precisely, bacteria were then osmotically shocked. Possible leakage of cytoplasmic constituents was checked by assaying for two known cytoplasmic enzymes -P-galactosidase and glucose-6-phosphate dehydrogenase -and to verify that periplasmic 
Klebsiella aerogenes
Kfebsiefla aerogenes was subjected to osmotic shock, disrupted and ultracentrifuged to yield osmotic shock fluid (periplasmic region), particulate fraction (cytoplasmic and outer membranes) and supernatant fluid fraction (cytoplasm) as described in Methods. material was being released two periplasmic enzymes -alkaline phosphatase and 2' : 3'-cyclic phosphodiesterase -were assayed. Neither of the two cytoplasmic enzymes was released during osmotic shock whilst one of the periplasmic enzymes, 2' : 3'-cyclic phosphodiesterase, was quantitatively released (Table 1) . The other periplasmic enzyme, alkaline phosphatase, was not released quantitatively indicating that perhaps it was securely bound to the bacterial membrane or that multiple enzyme species existed at different locations within the cell. More than 95% of the cyclic AMP phosphodiesterase remained associated with the bacteria following osmotic shock which confirms that cyclic AMP phosphodiesterase is a soluble cytoplasmic enzyme.
Protein
Since several phosphodiesterases have metal ion requirements for activity, and SAD is prevented by Mg2+, we examined the effect of certain metal ions on the enzyme activity. The metal ions and their concentrations chosen were those that appeared to be effective in other enzyme systems (Lee, 1978; Nielsen et al., 1973 : Nielsen & Rickenberg, 1975 Okabayashi & Ide, 1970a) . Since the enzyme was active in the absence of added metals, we attempted to remove metals with EDTA. Although EDTA at 0.1 and 1.0 mM eliminated approximately 80% of the enzyme activity, we were unable to reactivate the enzyme with Mg2+ up to 10 mM. Indeed, Mg2+ alone was also inhibitory (Table 2) . Similarly, Mn2+, A13+, Co2+ and Cd2+ inhibited activity.
In animal systems and Serratia marcescens, but not in Escherichia coli, the cyclic AMP phosphodiesterase is inhibited by methylxanthines such as caffeine and theophylline (Brana & Chytil, 1966; Ide et al., 1967; Nielsen et al., 1973; Nielsen & Rickenberg, 1975; Okabayashi & Ide, 1970a , b: Wells & Hardman, 1977 . Both these compounds as well as methylisobutylxanthine inhibited the enzyme from K . aerogenes (Table 3 ) as has been previously predicted (Calcott et al., 19 72) . At higher concentrations of methylisobutylxanthine the inhibition was reversed (data not shown). The reason for this is unknown. Since the enzyme activity appeared to be modulated during growth of the culture, we investigated whether nucleotides affected the activity of the enzyme. At 0.1 mM, no nucleotide inhibited the enzyme, though ADP, adenine, cyclic CMP and guanosine tetraphosphate (ppGpp) stimulated it between 25 and 34%. However, at 5 mM, several nucleotides inhibited the activity (Table 4) . Surprisingly, dibutyryl cyclic AMP did not inhibit the enzyme to the same degree as cyclic AMP indicating that its affinity as a substrate for the enzyme was less than cyclic AMP. Interestingly, cyclic GMP had no effect on enzyme activity. Cyclic GMP phosphodiesterase was found to be less than 5 % of the activity of cyclic AMP phosphodiesterase, but cyclic AMP inhibited cyclic GMP phosphodiesterase with 32 % inhibition at 0.1 mM and 77 % inhibition at 5 mM. It is not certain whether the cyclic AMP was degraded by the cyclic GMP phosphodiesterase or whether it modulated the enzyme's activity. As catabolite repression is often triggered by metabolizable and non-metabolizable sugars, we determined whether sugars or metabolites were potential modulators of enzyme activity (Pastan & Adhyas, 1976; Peterkofsky, 1976) . Those tested included glycerol, pyruvate, galactose, succinate, fructose, isopropyl-&D-thiogalactoside, methyl-P-D-thiogalactoside, lactose, glucose and P-glycerophosphoric acid. At low concentrations (10 mM), no compound tested affected enzyme activity by more than 26%. At higher concentrations (100 mM), the enzyme activity was also not affected except in the case of pyruvate which inhibited 92% of the activity.
Since cyclic AMP disappears from K. aerogenes during starvation and SAD, we examined the effect of these stresses on the cyclic AMP phosphodiesterase activity. Starvation of K. aerogenes in saline phosphate alone or in the presence of lactose, lactose plus Mg2+, lactose plus theophylline, glucose, pyruvate, glycerol or methyl-P-D-thiogalactoside affected the enzyme to a small degree. However, no dramatic inhibition or activation of enzyme activity or synthesis was observed (Table 5) . No obvious correlation between activity of this enzyme and susceptibility to SAD was apparent.
D I S C U S S I O N
Since we have implicated depressed cyclic AMP levels in SAD , we have sought to determine the role played by adenylate cyclase (the enzyme that converts ATP to 3' : 5'-cyclic AMP), cyclic phosphodiesterase and cyclic AMP release mechanisms in controlling the cyclic nucleotide concentration in the cell. Previously , we concluded that release of the nucleotide was occurring during starvation and SAD and that it played an important role. In the work described in this paper, we detected the cyclic phosphodiesterase and showed that its activity was not modulated during starvation or SAD. However, the enzyme was active during SAD since theophylline at concentrations similar to those that inhibited the enzyme in crude extract also prevented SAD. Although adenylate cyclase has not been detected in K . aerogenes, its presence and control is well documented in E. coli. From the elegant studies on catabolite repression by Peterkofsky and his colleagues (Gonzales & Peterkofsky, 1977; Peterkofsky, 1976 Peterkofsky, , 1977 Peterkofsky & Gazdar, 1974 ) the membrane-bound adenylate cyclase activity is known to be modulated by sugar transport systems, both phosphotransferase (e.g. for glucose) and group translocation (e.g. for lactose and glycerol). In the E. coli system, when a particular sugar transport system is present, the sugar is transported by the carrier and adenylate cyclase is inhibited; the
internal cyclic AMP concentration then falls (Peterkofsky, 1976 (Peterkofsky, , 1977 . If transport is inhibited, e.g. with uncouplers in the case of the lactose permease system, adenylate cyclase is inhibited and the internal cyclic AMP concentration falls. If a cell is challenged with a sugar to which it is not adapted, the sugar is not actively transported, the adenylate cyclase is not inhibited and cyclic AMP concentrations are maintained (Peterkofsky & Gazdar, 1975 .
The sugar specificity reported by Peterkofsky appears to be similar to that documented for SAD by Calcott & Postgate (1971 . In addition, the effect of uncouplers such as dinitrophenol on SAD (Postgate & Hunter, 1962 , 1964 and their effects on the adenylate cyclase system (Peterkofsky & Gazdar, 19 79) appear similar. The similarity between sugar-mediated adenylate cyclase activity modulation in E. coli and SAD in K. aerogenes is further strengthened when one notes that sugars such as isopropyl-P-D-thiogalactoside and methyl-/$D-thiogalactoside (both gratuitous inducers of the lac operon and transported by the lac permease) depress adenylate cyclase activity in E . coli and cause SAD in K . aerogenes for lactose-grown cells.
Thus, we feel that the key enzyme in SAD is adenylate cyclase, and sugars that cause SAD do so by depressing adenylate cyclase activity. This shuts off production of cyclic AMP in the cell. The pool level of cyclic nucleotide is then decreased by the action of the phosphodiesterase andfor the release mechanism of the cell. Thus, these latter activities -the phosphodiesterase and the release mechanism -act as drains on the system.
A similar response to SAD, lactose killing, has been observed by others including Von Hofsten (1961), Horiuchi et al. (1962) and, recently, by Dykhuizen & Hartl (1978) . Certain features of the two phenomena are similar. Both show sugar specificity and are mediated by metabolizable and non-metabolizable, transportable sugars (Calcott & Postgate, 197 1, 1972; Dykhuizen & Hartl, 1978) . Thus we predict that lactose killing may be proceeding by the same mechanism as SAD.
Why K. aerogenes succumbs to SAD only gradually when its cyclic AMP pools become depleted cannot be explained with the present results. We can predict that other events must be occurring in the bacteria, since loss of ability to synthesize cyclic AMP is not lethal to E. coli (Pastan & Adhyas, 1976; Peterkofsky, 1976) . Since phosphodiesterase in K. aerogenes is activated by ppGpp, the nucleotide formed during the stringent response in E. coli (Cashel, 1975; Silverman & Atherly, 1979) , ppGpp might be involved in SAD. The conditions that cause SAD and the stringent response (Calcott & Postgate, 1971 Cashel, 1975; Silverman & Atherly, 19 79) are similar, i.e. incubation in carbon-sufficient, ammoniumdepleted media.
We would like to acknowledge generous support from the United States Army Research Office (Grant No.
